Introduction
One of the widespread methods for vegetable oils and fatty acids processing is obtaining of different surfactants on their base [1] . Alkylimidazolines (AI) are one of the most used nitrogen-containing surfactants. They are heterocyclic compounds and their five-membered ring contains two nitrogen atoms. By interacting with acids or by quaternization, AI transforms to respective salts or quaternized compounds that are cationic surfactants of asymmetric structure [2] .
AI is used as corrosion inhibitors, dispergators, dewatering agents and emulsifiers in oil, metal-processing, textile industries as adhesion promoters for road building, in shampoos, shower gels and domestic cleaning products.
Kinetic researches of the process of refined vegetable oils amidation can be the basis for development of technology of alkylimidazolines obtaining [3, 4] . However, kinetic regularities of amidation of low-grade oils still aren't researched. In such case, free fatty acids can react with amine along with acylglycerols and can have great influence on processes that take place during amidation. Based on the current trend of complete processing of plant raw materials, researches directed to full cycle of plant raw materials processing into surfactants are actual.
Analysis of literature and statement of research problem
Obtaining of alkylimidazolines on the base of vegetable oils and fatty acids occurs in two stages: on the first stage amides of fatty acids form, on the second stage due to cyclization process alkylimidazolines form from amides. However, the mechanism and reactions that take place during the amidation process are different for free fatty acids and for their esters.
Thus, during amidation of free fatty acids soaps of amine and fatty acids form on the first stage which transforms to amides with time. As a result of this reaction water forms, which can prevent further reactions of alkylimidazolines formation. Obtaining of amides of fatty acids usually takes place under temperatures more than 120 ºС.
Formation of amides during amidation of triacylglycerols of vegetable oils occurs without water formation [5] and in milder conditions than formation of respective amides from free fatty acids.
A lot of factors have influence on the process of amidation. The main of them are temperature, presence of solvent, catalyst and pressure in the system. The most common way of alkylimidazolines obtaining is amidation of fatty acids or refined vegetable oils under temperatures of 170-240 ºС without solvent and with vacuum application [6] . Fatty amides are obtained under similar conditions but without vacuum application [7] . However, secondary amides of fatty acids can be obtained even under the temperature of 50-60 ºС as shown in [8] . For that purpose, high excess of amine is required, the molar ratio of tripalmitoyl glycerol:amine 1:10. In such case, amine acts as solvent for fatty components and, maybe, as alkali catalyst. Excess of amine does not allow for reaction masses to crystallize and because of that reaction is conducted for 12 hours in homogenous media. Influence of solvent on the process of amidation of fatty acids has been described in [9] . The reaction took place under the temperature of 145 ºС in xylene media. After 1 hour of interaction, water removing starts for 4 hours in order to obtain alkylimidazoline. The yield of alkylimidazolines is 20 % less for amidation of fatty acids in solvent media than for amidation without solvent and with vacuum.
Alkylimidazolines for industrial purpose are usually obtained by thermic methods with or without the use of catalyst [2, 10, 11] . The main application of alkylimidazolines of fatty acids is their utilization as a basis for corrosion inhibitors obtaining for the oil and gas extracting industry. There are a lot of researches dedicated to highly efficient corrosion inhibitors obtaining on the basis of alkylimidazolines [11] [12] [13] . At the same time, such utilization of alkylimidazolines doesn't require high purity. The main requirement for such products is their effectiveness in prevention of corrosion destruction. Based on this, alkylimidazolines for technical application can be obtained from blends of fat-containing products.
It is known that AI can be obtained from blends of different oils [5] and in this case the technology for their obtaining is almost the same as for individual vegetable oils. Technologies for obtaining of alkylimidazolines from fat containing wastes is known as well [14] . For imidazolines obtaining, fats are preliminarily extracted from such wastes, converted into methyl or ethyl esters and only after that processed according to well-known technologies. Despite feedstock in such applications is low grade and cheap, obtaining of imidazolines occurs from chemically similar compounds, though with significant amounts of impurities.
Processing of fats with high free fatty acids content requires slightly another approaches. Ways of processing of low-grade and used cooking oils with high fatty acids content (up to 20 % wt. and more) have been described in [15] [16] [17] [18] . It is noted that their processing occurs in a few stages: on one of which react preferably triacylglycerols, and on another -preferably free fatty acids. Proper conditions and catalysts used on different stages for reaching a high degree of feedstock transformation and duration of different stages may vary in several times [19] .
Based on this, the process of AI obtaining is advisable to conduct in two stages, especially when free fatty acids is are used. That can be explained by the facts that if the reaction is conducted under vacuum, unreacted amine components will be removed from reaction masses and, as a result, amine will be lost.
Kinetics of the amidation process of low-grade vegetable oil when free fatty acids can react with amine components along with triacylglycerols requires further research in order to find rational amidation conditions. Besides, the influence of vacuum on the kinetics of amidation and formation of AI during joint interaction of acylglycerols and fatty acids with amine is still unknown.
Aim and tasks of research
The aim of the work is to research regularities of the amidation process of low-grade canola oil with aminoethylethanolamine and formation of alkylimidazolines of fatty acids under atmospheric pressure and vacuum.
The following research tasks are formulated for reaching of the stated aim:
-to determine the influence of pressure decreasing on the course of the reaction of triacylglycerols and free fatty acids of canola oil with aminoethyletanolamine;
-to estimate changes of alkylimidazolines concentration after decreasing of pressure in the system during the amidation process;
-to calculate reaction rate constants of interaction of acylglycerines and free fatty acids of rapeseed oil with aminoethyletanolamine.
Materials and methods of researches of low-grade canola oil amidation process
Amidation of low-grade canola oil that was obtained via processing of low-grade seeds with subsequent storage with the presence of oxygen has been researched.
Obtained low-grade canola oil has the following characteristics: Acid value -19.9 mg КОН/g; peroxide number -12 mmol О 2 /kg, saponification number -181.2 mg КОН/g, iodine value 102 mg J 2 /g, unsaponified matter content -3.23 % wt., water and volatile compounds -0.36 % wt., phospholipids content -2.2 % wt.
Fatty acid composition of low-grade canola oil is presented by the following fatty acids: palmitic acid -15.2 %; stearic acid -5.0 %; oleic acid -62.4 %; linoleic acid -7.9 %; linolenic acid -5.4 %; arahidic acid -3.7 %; C 20:1 -0.5 %.
Aminiethyetanolamine (AEEA) was produced by Merck (Germany) with active matter content not less than 99 %.
The research was conducted in a batch reactor that is equipped with heater, stirrer and system for removing vapors and water that is formed during the reaction. Vacuum in the system was created by a vacuum pump.
The research of imidazolines obtaining on the base of low-grade canola oil was conducted as follows. In a threenecked flask, 50 grams (0.054 mol) of low-grade canola oil was placed and the temperature was increased to the set value. After that, 16.8 grams (0.162 mol) of preliminarily heated aminoethyletanolamine was added in the flask. The time of aminoethiletanolamine addition is considered as the time of the beginning of the reaction.
The reaction was conducted in two stages. Atmospheric pressure was maintained on the first stage of the reaction and condensed vapors returned to reaction masses. After 1.5 hours of synthesis, pressure in the system has been decreased by vacuum pump up to 40-60 mm. Hg and the reaction took place for 1.5 hours more. Temperature of the reaction remained constant and was 160 °С. Samples out of the synthesis of reaction masses determine the conversion ratio of reagents and the formation ration of desirable components.
Results of studies of vacuum effect on the kinetics of
amidation of low-grade canola oil
1. Vacuum effect on acylglycerol expenditure
Acylglycerols and free fatty acid react with aminoethylethanolamine in the amidation process of low-grade canola oil.
The main components of oils are acylglycerols -esters of fatty acids and glycerol. Therefore, the vacuum effect on its reactivity has been primarily investigated. Fig. 1 shows the change in the concentration of ether groups of acylglycerols in the amidation process of low-grade canola oil under the temperature of 160 °С. The pressure in the system decreased to the value of 40-60 mm Hg. after 90 min of reaction in the process of amidation. where vacuum is supplied after 1.5 hours of reaction
Reduction in concentration of ether groups goes rapidly in the first 900 seconds of reaction (Fig. 1) between acylglycerols of canola oil and aminoethylethanolamine that testifies about the intensity of the amidation process and formation of fatty acids amides at the initial moments of time. Thus, 80.4 % of ethers are converted to reaction products within the first 900 seconds.
At the formation stage of aminoamides and diamides of fatty acids, the supply of vacuum to the system will lead to removing and loss of the amine, so the pressure was reduced after 5400 seconds of the reaction in the study. It can be seen (Fig. 1 ) that when vacuum is supplied to the system, the tendency of concentration reduction of ether groups is not changed -the gradual minor drop continues until the end of the process. Fractional conversion of ether groups after the first stage of interaction is 94.5 %. At the second stage of interaction, fractional conversion is increased by 5.3 % and in the end of the reaction is 99.8 %. In this connection, the conclusion can be made that pressure suppression in the system has no significant influence on the interaction between acylglycerols of canola oil and aminoethylethanolamine with amine formation. On this basis, its use for fatty acids amides obtaining from triacylglycerols of vegetable oils is inadvisable.
Evaluation of the kinetic patterns of reactions between acylglycerols and aminoethylethanolamine is carried out based on the fact that the reaction of ethers of fatty acids and glycerol with amines conforms to the law of the second-order reactions [20] [21] [22] . For evaluation of effective reaction rate constant of interaction between acylglycerols of canola oil and aminoethylethanolamine, dependencies in 1/C=f(τ) coordinates, which are of the second order, have been composed. Dependencies in such coordinates take linear shape with a slope numerically equal to effective reaction rate constant. These dependencies are shown in Fig. 2 .
On these dependencies of the concentration of ether groups on the reaction time in coordinates of the second order (Fig. 2) , two linear sections can be distinguished, which coincide in time with the reaction periods under atmospheric pressure and under vacuum. It can be seen, that at the second stage of the reaction, dependencies have a greater angle of inclination that testifies about the increase of the rate constant of ether groups interaction. Thus, after result processing according to [23] , effective reaction rate constant of ether groups expenditure under atmospheric pressure is 0.5445 g·mol -1 ·s -1 , whereas under the low pressure rate constant is three times increased and is 1.6725 g·mol -1 ·s -1 . Rate constant increase after decreasing of pressure in the system can be related to partial removal of glycerol from the reaction zone, which is the final conversion product of triacylglycerols in reactions of amidation. Its removal shifts the position of equilibrium towards products formation thereby increase the rate of ether groups' expenditure. At the same time, it's worth noting again, that the use of vacuum at initial stages of amidation is inexpedient, since it can lead to removal of unreacted amine from the reaction mass and consequently to decrease of final product yield.
It should be noted, that evaluated rate constant of lowgrade oil amidation, which is ≈0.651 g/mol -1 ·s -1 , is somewhat lower than rate constants for refined canola oil under the same temperature [24] . Such differences may be caused by the presence of significant amounts of various impurities in low-grade oils, which affect the reaction rate.
Decrease of the reaction rate constant expressed in percentage is ≈15 %. It testifies about inefficiency in the use of completely similar conditions applicable for refined oil amidation, in the process of low-grade oil amidation. 
2. Vacuum effect on fatty acids consumption
Fatty acids in conjunction with acylglycerols react with amine in amidation of low-grade canola oil. At the same time, the reactivity of the fatty acids is lower than of acylglycerols in the reactions with amine [25] . Also, when amine interacts with free fatty acids (1) with subsequent amides (2) formation, the water of reaction is released, removing of which from the reaction zone may facilitate acceleration of the fatty acids amidation process. RCOOH R NH R NH RCOO ,
Removal of water of reaction can be implemented by pressure decreasing in the system, thereby shifting the position of equilibrium towards reaction products formation. For investigation of vacuum influence on the reactivity of free fatty acids contained in low-grade canola oil, changes of concentration in reactive masses in the amidation process have been determined (Fig. 3) . It can be seen, from these dependencies of change in fatty acids concentration (Fig. 3 ) that the rate of fatty acids expenditure is increased after decreasing of pressure. Thus, 31.7 % of fatty acids reacted with aminoethylethanolamine within the first 5400 seconds without vacuum, and 62.2 % of fatty acids -within the next 5400 seconds under vacuum. The ultimate conversion degree of fatty acids is 74.15 % after two stages of the reaction.
For assessment of vacuum effect on the acceleration of fatty acids conversion, effective reaction rate constants for its expenditure without vacuum and with taking into account of vacuum influence are evaluated (Fig. 4) . Since the reaction of fatty acids expenditure conforms to dependencies for the first-order reaction [20] , the logarithm of fatty acids concentration is linearly dependent on time. And the rate constant is determined by the equation (3) [26] :
where α -inclination of line to the time axis in the coordinates of the first order. The dependencies of experimentally determined fatty acids concentrations (Fig. 2) on reaction time in coordinates of the first order represent two straight lines (Fig. 3) . Linear dependence (0-5400 s.) is characteristic for the first stage of the reaction, which takes place under atmospheric pressure. The second linear dependence (5400-10800 s.) describes the amidation process under low pressure. After processing of experimental results in accordance with [23] , the following rate constants of fatty acids expenditure have been determined: without vacuum -0.7•10 -4 s -1 , with vacuum -2•10 -4 s -1 . The difference in rate constant values indicates that the rate of fatty acids expenditure grows under decreasing of pressure. This can be explained by acceleration of water of reaction removing from the reaction zone and shift of the position of equilibrium (2) towards formation of fatty acid amides.
3. Vacuum effect on alkylimidazoline formation
Conversion of aminoethylethanolamine in reactions with acylglycerols and fatty acids goes in two stages. At the first stage, aminoamides are formed, and at the second -cyclization of aminoamides takes place with hydroxyethylimidazoline and water formation.
It is known that alkylimidazolines of fatty acids are quite easily hydrolyzed at C=N bond in the presence of water or watered alcohols [27] . Researchers [28] found out that tertiary amine content reduced on 5-8 % wt. in 18 months when stored in a closed container. Addition of water in quantity of 2 % by weight to the reaction product, which contains 38 % by weight of alkylimidazoline, causes decrease of its content up to 6 % by weight in 72 hours.
Therefore, continuous removal of water of reaction is essential for the flow of cyclization reaction and provision of a good yield of alkylimidazolines. For this, carrying out of the process under vacuum is expedient.
In this paper, for studying of alkylimidazolines formation from low-grade oil and assessment of vacuum influence on the process of cyclization, change in the concentration of tertiary amine groups [29] , which are present in imidazoline ring depending on the reaction time has been determined (Fig. 5) . Formation of insignificant amounts of alkylimidazolines at the initial stage of reaction goes without vacuum application. Thus, the concentration of tertiary amine groups (Fig. 5) during the first 900 s reaches 0.065 mmol/g and from that moment on its accumulation almost ceased. During the next 4500 s increasing of concentration is observed only at 0.006 mmol/g and is 0.071 mmol/g. Which seems to indicate the establishment of an equilibrium in the formation reaction and hydrolysis of alkylimidazoline. Subsequent decreasing of pressure noticeably shifts the position of equilibrium towards alkylimidazoline formation. Its concentration starts to increase rapidly in the reaction mass reaching the value of 0.264 mmol/g on 10800 s of reaction. Consequently, decreasing of pressure has a signif- icant influence on the cyclization process and alkylimidazoline formation. Since alkylimidazolines are the final product of sequential conversion of aminoethyletanolamine, to evaluate kinetics patterns of its formation is possible only after additional researches of aminoamides concentrations -intermediate products of reaction and diamides -final product of reaction, which can be formed along with alkylimidazolines and aminoamides.
To confirm the accumulation of alkylimidazolines in reaction masses when vacuum supplied, research of obtained IR spectra of the reaction mass has been carried out (Fig. 6 ).
Absorption band (Fig. 6 ) at 3295 cm -1 corresponds to stretching vibration of -О-Н groups presented in acylglycerols and amines. This band is overlapped with absorption band -N-H bonds of primary and secondary amino groups contained in nitrogen-containing derivatives of fatty acids and free amine. A significant width of this band signifies about the presence of hydrogen bonds. Tall narrow band at 2922 cm -1 and 2852 cm -1 corresponds to bond vibration in fragments of -СН 2 -and -СН 3 respectively. The absence of band at 1730 cm -1 , which belongs to stretching vibrations of С=О in ethers, confirms the results of definition of high (99.8 %) conversion degree of acylglycerols. The presence of primary and secondary amide groups is confirmed by the presence of typical peaks in the spectra at 1640 cm -1 and 1560 cm -1 , respectively. Band at 1602 cm -1 is related to vibrations of С=N band in imidazoline ring [30, 31] .
In addition, at the spectra of the reaction mass (1), obtained without vacuum application, clearly pronounced peaks of amido groups (1640 cm -1 and 1560 cm -1 ) and the peak of -С=N bond of imidazoline ring (1602 cm -1 ) is absent. At IR spectra of the reaction mass obtained with vacuum application (2), amide peaks become much less pronounced and clearly pronounced peak appears at 1602 cm -1 , that proves formation of alkylimidazolines in amidation of low-grade canola oil under vacuum applied. Also there are visible differences in peaks at 3295 cm -1 , characterizes vibration of -О-Н and -N-H bonds. A smaller peak height in reaction masses obtained under decreased pressure can be explained by the fact that, first of all, distillation of accumulated water of reaction begins, and second when alkylimidazolines are formed in primary and secondary amino groups, -N-H bond cleavage occurs in the process of cyclization. Significant width of this band is explained by the hydrogen bonds presence.
Conclusions
1. It is determined that pressure decreasing in the system causes different influence on transformation of low-grade canola oil components. It has been found that 94.5 % of initial esters and 31.6 % of initial fatty acids have been transformed after the first stage of the reaction. On the second stage of reaction, additional 5.3 % of esters and 42.55 % of fatty acids have been transformed with vacuum applying that can be evidence of higher vacuum influence on reactions with fatty acids rather than reactions with esters. 2. Accumulation of alkylimidazolines and amides of fatty acids in reaction masses is confirmed by IR-spectrometry. It is confirmed that alkylimidazolines of fatty acids forms in small quantities even during the reaction under atmospheric pressure. During the first 900 seconds of the reaction, their concentration reaches an almost constant value and subsequently doesn't change. Pressure decreasing leads to rapid increasing in alkylimidazolines content and subsequent accumulation in reaction masses.
3. Effective rate constants of acylglycerols and free fatty acids amidation have been calculated. It is established that pressure decreasing has influence on the speed of transformation of acylglycerols and increases effective rate constants of their consumption by ≈3.1 times. Pressure decreasing leads to increasing of the speed of amidation of free fatty acids as well and increases rate constants of their consumption by ≈2.85 times. It is established that effective rate constant of low-grade canola oil amidation less by ≈15 % than rate constant of amidation of refined canola oil. 
